ABSTRACT The negative effects of aflatoxins (AFLA) on hepatic necrosis and total tract digestibility of energy, N, and amino acids have been well documented. However, the question remains if this is an effect on nutrient metabolizability alone or an effect on the intestine, or both, resulting in increased endogenous nutrient loss or reduced nutrient retention, or both. Therefore, a 2-wk feeding study with a crude AFLA culture was conducted with laying hens to measure endogenous losses and digestive functionality of the intestine. HyLine W36 hens were fed 1 of 4 experimental diets containing a crude AFLA culture from 20 to 22 wk of age. Diets were analyzed to contain 0, 0.6, 1.2, or 2.5 mg/kg of AFLA B 1 . Dietary AFLA concentration had no effect on BW, egg production, or feed intake. Intestinal crypt depth (but not villus length) increased linearly with increasing AFLA concentration. Similarly, specific activity of the intestinal disaccharidase, maltase, increased quadratically by feeding up to 1.2 mg/kg of AFLA and declined at 2.5 mg/kg of AFLA (P ≤ 0.022). Although there was no effect of AFLA on goblet cell number, density, or crude mucin excretion (P > 0.05), sialic acid excretion increased quadradically such that it was increased 12% when 0.6 and 1.2 mg/kg of AFLA was fed versus the control (P ≤ 0.025). Digestibility of DM and N per hen per day were unaffected by AFLA. Feeding of 0.6 and 1.2 mg/kg reduced the apparent digestible and AME n of the hen by 10 and 4%, respectively (P ≤ 0.025). Because intestinal characteristics (intestinal morphology, sialic acid production, and apparent digestible energy) were altered by AFLA feeding, it can be surmised that AFLA can have a direct or indirect effect, or both, on functionality of the gastrointestinal tract.
INTRODUCTION
The effects of aflatoxins (AFLA) on hepatic necrosis through free-radical production, lipid peroxidation, as well as inhibition of RNA and protein synthesis have been well documented in several livestock and poultry species (McLean and Dutton, 1995) . Extrahepatic effects, namely within the intestine, however, have not been well elucidated. Other researchers have documented the negative effects of AFLA on total tract retention of energy, N, and amino acids in poultry (Nelson et al., 1982; Ostrowski-Meissner, 1983; Verma et al., 2002 Verma et al., , 2007 Kermanshahi et al., 2007) , pigs (Hale and Wilson, 1979) , and white shrimp (Ostrowski-Meissner et al., 1995) . In fact, Abdelhamid et al. (1994a,b) noted a reduction in the severity of an acute AFLA exposure in broilers oversupplemented with energy.
The question remains as to if this is an effect on nutrient metabolizability alone or an effect on the intestine, or both, resulting in increased endogenous nutrient loss or reduced nutrient digestibility, or both. Contradictory accounts of AFLA on the intestine exist within the literature. For example, Osborne and Hamilton (1981) reported a reduction in pancreatic digestive secretions from broiler chicks fed AFLA, whereas Richardson and Hamilton (1987) noted increases in pancreatic digestive enzyme production in egg-type chicks fed AFLA. Therefore, the objectives of this study were to examine whether short-term feeding (2 wk) of low concentrations of crude AFLA culture affects measures of intestinal endogenous losses (mucin excretion), intestinal morphology, apparent nutrient digestibility, and apparent nutrient retention.
MATERIALS AND METHODS

Experimental Design
All animal care and use procedures for the experiment were approved by the Purdue University Animal Care and Use Committee. A 2-wk feeding study with a crude AFLA culture (G. Rottinghaus, University of Missouri, Columbia) was conducted with 20-wk-old laying hens (W36 Hy-Line International, Dallas Center, IA). The culture material was from Aspergillus parasiticus (NRRL 2999), which was subsequently freeze-dried and ground. Eight replicate cages (2 birds per cage) were fed 1 of 4 experimental diets containing increasing concentrations of the crude AFLA culture and formulated to contain 0, 0.5, 1.0, and 2.0 mg/kg of AFLA B 1 . Ingredient formulation and nutrient and analyzed AFLA concentrations are presented in Table 1 . Diet analyses for AFLA concentration were conducted by HPLC (Romer Laboratories, Union, MO). One basal diet was initially mixed. Final diets were obtained by mixing 98% of the basal ration with a premix containing different proportions of the crude AFLA culture, cornstarch, and chromic oxide (as a digestive marker).
Birds were housed in wire cages with nipple waterers and each bird having 516 cm 2 of floor space. All birds were weighed at the beginning and at the end of the experiment. Feed disappearance was determined for the duration of the study. Excreta samples were collected for 48 h on d 11 to 13 of the study. Excreta was subsequently frozen and stored at −20°C, freeze-dried, and ground using a 0.5-mm screen on a centrifugal grinder (Retsch GmBH, Haan, Germany).
On d 13 and 14, one bird per pen was killed by overdose of CO 2 (therefore, all birds were killed for collection of tissue samples and digesta). A 2-cm section of distal jejunum was rinsed with and placed in 10% neutral-buffered formalin for fixation. The mid two-thirds (by length) of the jejunum was removed, flushed with distilled water, the mucosa collected by scraping with a microscope slide, and subsequently frozen in liquid N. The ileum from the residual yolk stalk to 1.0 cm proximal to the cecal junction was removed and ileal digesta were flushed with distilled water. Ileal digesta were pooled by pen, frozen, stored at −20°C, freeze-dried, and ground with a mortal and pestle before analyses. From both birds, a section of the liver was excised and placed in 10% neutral-buffered formalin for fixation.
Sample Analyses
Jejunal and liver samples for morphological evaluation were dehydrated in a graded ethanol series, cleared with Sub-X (Surgipath Medical Industries, Richmond, IL) and embedded in Polyfin paraffin (Polysciences Inc., Warrington, PA). Two slides were made for each intestinal sample. Liver slides were stained with hematoxylin and eosin. One slide of each jejunum was stained with periodic acid-Schiff reagent (Armed Forces Institute of Pathology, 1992) . Briefly, tissues were de- paraffinized and hydrated, oxidized in periodic acid (5 g/L) for 5 min, rinsed in distilled water, and placed in Coleman's Schiff reagent (Polysciences Inc.) for 30 min. After 15 min, slides were rinsed in tap water, tissues were counterstained in hematoxylin, rinsed, dehydrated, and mounted. Positively stained periodic acidSchiff cells (goblet cells) were enumerated on 6 villi per sample, and the means were utilized for statistical analysis. Measurements for villi length were taken from the tip of the villus to the valley between individual villi and measurements for crypt depth were taken from the valley between individual villi to the basolateral membrane. Six villi were measured for each bird.
Intestinal maltase activity was determined on jejunal mucosa as described by Sell et al. (1991) . Protein content of mucosal homogenates was determined colorimetrically using a bicinchoninic acid protein assay (Thermo Fisher Scientific, Rockford, IL).
Feed, excreta, and ileal digesta were analyzed for determination of nutrient digestibility and retention. Dry matter content was determined on ground diets and freeze-dried ileal digesta and excreta by drying the samples at 100°C for 24 h. Chromium was determined by the inductively coupled plasma atomic emission spectroscopy method (method 990.08; AOAC International, 2000) following nitric-perchloric acid wet ash digestion. Gross energy determinations of feed and excreta samples were performed in a Parr adiabatic bomb calorimeter (Parr Insturments Co., Moline, IL) with benzoic acid as a standard. Nitrogen content of feed, ileal digesta, and excreta samples was determined using a Leco model FP 2000 N combustion analyzer (Leco Corp., St. Joseph, MI). The AME n (excreta) and apparent digestible energy (ileal digesta) of the diets was calculated using the index method (using Cr as the digestive marker) by adapting the formula of Hill and Anderson (1958) as described by NRC (1994) . Similarly, apparent digestibility (ileal digesta) and retention (excreta) of DM and N were determined using the index method (Cr as the digestive marker).
Crude mucin in excreta samples was analyzed according to modifications of the assay described by Lien et al. (1997) . Briefly, 3 g of the lyophilized excreta sample was placed in a 50-mL plastic centrifuge tube. Twenty milliliters of chilled NaCl solution (0.15 M NaCl, 0.02 NaNH 3 ) was added to the excreta sample and homogenized for 30 s (T25 Basic, IKA Corp., Staufen, Germany). The mixture was then centrifuged at 12,000 × g for 20 min at 4°C. The soluble supernatant was decanted into a 50-mL preweighed tube. Fifteen milliliters of chilled (4°C) absolute ethanol was added to the supernatant for extraction of mucin proteins. The mixture was extracted overnight at −20°C. The mixture was then centrifuged at 1,400 × g for 10 min at 4°C and the mucin pellet was retained. A mixture of 10 mL of chilled NaCl solution (0.15 M NaCl, 0.02 NaNH 3 ) and 15 mL of chilled absolute ethanol was added to wash the mucin pellet. The sample was extracted overnight at −20°C and then centrifuged at 1,400 × g for 10 min at 4°C. The mucin pellet was washed until a clear supernatant was obtained. Water was removed from the mucin pellet by suction, then weighed to obtain the yield of crude mucin. The pellet was then dissolved in 2 mL of distilled water and immediately frozen at −40°C.
Sialic acid concentration was determined from the purified crude mucin samples using the ferric orcinol assay based on modifications of Schauer (1978) using N-acetylneuraminic acid (Alfa Aesar, Lancaster, UK) as the standard. Briefly, 100 μL of crude mucin solution was placed in a 1.5-mL microcentrifuge tube and diluted with 100 μL of distilled water. Then, 200 mL of Bial reagent (0.2 g of orcinol, 81.4 mL of concentrated HCl, 2 mL of 1% FeCl 3 , H 2 O to 100 mL) was added to the samples and heated for 15 min at 100°C in a water bath (Precision, GCA Corp., College Park, MD). The samples were then cooled in room temperature (20 to 22°C) water for 5 min. Isoamyl alcohol (1 mL) was added to the sample, vigorously vortexed, and chilled on ice for 5 min. The samples were then centrifuged at 1,000 × g for 1 min and the absorbance of the supernate was measured at 560 nm and related to concentration of N-acetylneuraminic acid.
The experiment was analyzed as a completely randomized design using the GLM procedure of SAS (SAS Institute Inc., Cary, NC) with a pen of hens as the experimental unit. Linear, quadratic, and cubic contrasts based on analyzed AFLA B 1 concentrations were used to determine the effects of dietary AFLA. Statements of significance were P ≤ 0.05 unless noted otherwise.
RESULTS AND DISCUSSION
Aflatoxicosis has been recognized as an issue for poultry since the 1960s (Asplin and Carnaghan, 1961) . A recent worldwide survey of nearly 2,800 ingredient and finished feed samples noted that 20 and 32% of finished feed samples were contaminated with AFLA B 1 in Asia and Europe with a median contamination concentration of 0.013 and 0.015 mg/kg, respectively (Binder et al., 2007) . The maximum concentration of AFLA B 1 noted in those studies was 0.457 mg/kg in corn samples from Asia. The concentrations tested in the current study, therefore, are somewhat higher than what was noted in this particular survey. Notably, this survey did not report either the concentration of secondary metabolites, such as AFLA G 1 , nor was able to quantify masked (e.g., glucosidic bonding; Berthiller et al., 2005) mycotoxins (i.e., those that cannot be analyzed directly yet may retain physiological effects) in the individual ingredients or finished feed samples. Because a crude AFLA culture was used in this particular study, the combined and possible synergistic effects of all AFLA metabolites should be noted. The order of acute and chronic toxicity of AFLA metabolites is AFLA B 1 > AFLA G 1 > AFLA B 2 > AFLA G 2 (Wogan, 1966) .
Because this was a short-term challenge, AFLA had no effect on BW, feed intake, or egg production (Table 2 ). Additionally, no histopathological differences were noted in the liver due to AFLA feeding. Chronic feeding of AFLA in growing chicks (7 to 21 d) has been documented to result in BW gains in broiler chicks following a pattern of hormesis, a dose-response phenomenon characterized by 0.6 to 1.2 mg/kg of AFLA B 1 improving BW gains, whereas higher doses reduce BW gains (Diaz et al., 2008) . In laying hens specifically, as little as 0.2 mg/kg of AFLA B 1 has been documented to reduce egg production and egg mass in laying hens from 22 to 40 wk of age (Azzam and Gabal, 1998) .
Intestinal crypt depth, but not villus length (thus influencing the villus:crypt ratio), increased linearly with increasing AFLA concentration (Table 3) . Previous studies with chicks fed from hatch to 3 wk of age noted little change in large intestinal breaking strength or histological changes when up to 7.2 mg/kg of AFLA B 1 was fed (Warren and Hamilton, 1980) . Gross villus height and crypt depth measures, however, are not able to fully assess enterocyte kinetics or intestinal functionality.
Intestinal effects of AFLA B 1 administration have been noted in mice. Administration of AFLA B 1 resulted in a 20% reduction CD3 T cells and a 28% reduction in alkaline phosphatase activity in the intestine (Tomková et al., 2001) . Conversely in the current experiment, specific activity of the intestinal disaccharidase, maltase, increased quadratically by feeding up to 1.2 mg/kg of AFLA and declined at 2.5 mg/kg of AFLA (Table 3) . Uni et al. (1998) noted that the upper 40% of the villus expresses 30 to 40% more sucrase and maltase activity per enteroctye than the lower 60% of the crypt-villus axis. Therefore, enterocytes must differentiate during their time along the crypt-villus axis to fully express these digestive functions. What is not known, therefore, is whether AFLA changed enterocyte differentiation or migration rates along the length of the villus.
Intestinal mucin production and secretion is a dynamic process that is continually degraded and renewed (Montagne et al., 2004; Smirnov et al., 2004) . Due to the dynamic nature of mucin degradation and synthesis, the turnover rate is not regular; thereby, the thickness of the mucus layer may vary depending on the balance between synthesis and degradation. This balance can be influenced by the nature of the diet (Sharma et al., 1997; Montagne et al., 2004) . Although there was no effect of AFLA on goblet cell number, density, or crude mucin production per unit of feed intake in the current experiment, sialic acid production increased by 12% when 0.6 and 1.2 mg/kg of AFLA was fed versus the control (Table 4) . As mentioned previously, contradictory reports of AFLA on the gastrointestinal tract exist within the literature. For example, Osborne and Hamilton (1981) reported a reduction in pancreatic digestive secretions from broiler chicks with AFLA exposure. Specifically, 0.9 to 7.2 mg/kg of AFLA B 1 (from crude AFLA culture) when fed to broiler chicks caused a reduction in pancreatic amylase, trypsin, and lipase versus chicks fed no or 0.45 mg/kg of AFLA B 1 (Osborne and Hamilton, 1981) . Conversely, Richardson and Hamilton (1987) noted increases in pancreatic digestive enzyme production in egg-type chicks when they were fed AFLA. When up to 3.1 mg/kg of AFLA B 1 was fed to eggtype chicks, chymotrypsin, amlyase, and lipase were increased by 38, 6, and 8%, respectively (Richardson and Hamilton, 1987) . Richardson and Hamilton (1987) , however, noted a 24% reduction in BW with 3.1 mg/kg of AFLA B 1 from hatch to 3 wk of age.
In regards to nutrient utilization by the hen, apparent retention of N was unaffected by AFLA; however, 0.6 and 1.2 mg/kg reduced the concentration of N digested by 1.5 and 3%, respectively (Table 5 ). Retention and digestibility of N was unaffected by AFLA when calculated as the amount of N per hen per day (Table  6) . Similarly, apparent DM retention was unaffected by AFLA. The apparent DM digestibility percentage, however, decreased quadratically when 0.6 to 1.2 mg/ kg of AFLA was fed. When calculating the amount of DM apparently digested per hen per day (Table 6) , variation between pens precluded any statistical differences due to AFLA. Feeding of 0.6 and 1.2 mg/kg reduced the apparent digestible energy and AME n of the hen by 10 and 4%, respectively.
In broilers, Verma et al. (2002) reported a 34 to 50% reduction in net protein utilization and 9 to 10% reduction in AME when 1 to 2 mg/kg of AFLA was fed to broiler chicks, respectively. Laying hens had a 3 to 6% reduction in AME when similar concentrations were fed to laying hens (Verma et al., 2007) . Much of this reduction in AME occurred through a 6% increase in the maintenance energy requirement of the hen. Kermanshahi et al. (2007) also noted differences in energy and protein utilization with AFLA feeding to broiler chicks. In this report, feeding of 0.8 to 1.2 mg/kg of AFLA B 1 reduced AME by 8 to 6%, respectively, and apparent N retention was also reduced by 4 to 6% (Kermanshahi et al., 2007) . However, when apparent N retention was corrected for uric acid excretion, the differences were negated suggesting a reduction in uric acid excretion and plausibly a reduction in amino acid digestibility. Increasing dietary concentrations of protein (2.6% additional CP) or amino acids (0.5% additional dl-Met and l-Lys), however, were not effective in alleviating growth suppression due to feeding 0.05 mg/kg of AFLA B 1 (Abdelhamid et al., 1994a ).
In the current study, uncertainty remains as to why physiological responses such as sialic acid excretion and the specific activity of intestinal maltase follow a pattern of hormesis, similar to that of BW gain in broiler chicks as described by Diaz et al. (2008) . At 2.5 mg/ kg of AFLA, improvements in energy, DM, and N utilization were notable versus that of birds fed 0.6 or Table 5 . Apparent ME, AME n , apparent digestible energy (ADE), and apparent N retention and digestibility of hens fed varying concentrations of a crude aflatoxin (AFLA) culture 1.5 mg/kg. These improvements over birds fed lower AFLA (0.6 or 1.2 mg/kg) may have been compensatory for reductions in feed intake (linear effect of AFLA; P ≤ 0.08) that then resulted in similar energy utilization and retention, N retention and digestibility, and DM retention and digestibility per hen per day. Nevertheless, because intestinal characteristics (intestinal morphology, sialic acid production, and apparent digestible energy) were altered by AFLA feeding, it can be surmised that AFLA can have a direct or indirect effect, or both, on functionality of the gastrointestinal tract. Table 6 . Apparent ME, AME n , apparent digestible energy (ADE), and apparent N retention and digestibility of hens per day fed varying concentrations of a crude aflatoxin (AFLA) culture 
